Francisella tularensis subspecies holarctica is found throughout the northern hemisphere and 22 causes the disease tularemia in humans and animals. An aquatic cycle has been described for this 23 subspecies, which has caused water-borne outbreaks of tularemia in at least 10 countries. In this 24 study, we sought to identify mechanosensitive channel(s) required for the bacterium to survive 25 the transition from mammalian hosts to freshwater, which is likely essential for transmission of 26 the bacterium between susceptible hosts. A single mechanosensitive channel MscS (FTL_1753), 27 among the smallest members of the mechanosensitive channel superfamily, was found to protect 28 subsp. holarctia from hypoosmotic shock. Deletion of this channel did not affect virulence 29 within the mammalian host, however mscS was required to survive the transition from the host 30 niche to fresh water. Deletion of mscS did not alter the sensitivity of F. tularensis subspecies 31 holarctica to detergents, H 2 O 2 , or antibiotics, suggesting that the role of MscS is specific to 32 protection from hypoosmotic shock. Interestingly, deletion of mscS also led to reduced average 33 cell size without altering gross cell morphology. The small mechanosensitive channel identified 34 and characterized in this study likely contributes to the transmission of tularemia between hosts 35 by allowing the bacterium to survive the transition from mammalian hosts to fresh water. 36 37 Importance 38 Contamination of fresh water by Francisella tularensis subspecies holarctica has resulted in a 39 number of outbreaks of tularemia. Invariably, contamination originates from the carcasses or 40 excreta of infected animals, and thus involves an abrupt osmotic shock as the bacteria enter fresh 41 water. How F. tularensis survives this drastic change in osmolarity has not been clear, but here 42 we report that a single mechanosensitive channel protects the bacterium from osmotic 43 3 downshock. This channel is functional despite being notably smaller (165 a.a.) than those found 44 in model organisms (~280 a.a.). These findings extend our understanding of the aquatic cycle 45 and ecological persistence of F. tularensis, with further implications for mechanosensitive 46 channel biology.
48
Introduction 9 156 157 ∆FTL_1753 bacteria are not more sensitive to detergents, H 2 O 2 or antibiotics. 158 To establish whether deletion of FTL_1753 or FTL_0945 resulted in more generalized 159 vulnerability to stressors, we tested these strains for sensitivity to three detergents and H 2 O 2. The 160 three detergents included an anionic detergent (SDS), a cationic detergent (CTAB), and a 161 nonionic detergent (Triton-X100). In contrast to the large differences observed in survival of 162 downshock, all strains displayed a similar sensitivity profile to these stressors (Fig. 2 ). As 163 mechanosensitive channels have been associated with antibiotic sensitivity in some contexts (41-164 43), we determined the minimum inhibitory concentrations (MICs) of 9 antibiotics for these 165 strains. The knockout strains displayed identical sensitivity as the wild-type, with the exception 166 of ∆FTL_1753 appearing slightly more resistant to kanamycin (Table S1 ). These data support a 167 specific role for MscS in survival of hypoosmotic shock, rather than a more general role in 168 resistance of physical or chemical stressors.
170
MscS does not contribute to virulence in the host niche, but is required to survive the 171 transition from that niche to fresh water. 172 We next sought to determine the roles of FTL_1753 and FTL_0945 in the context of the 173 mammalian host niche. As F. tularensis is an intracellular pathogen that predominantly targets 174 macrophages, we tested the ability of these strains to proliferate in macrophages using 175 gentamicin protection assays. Similar intra-macrophage growth was observed for all strains, 176 suggesting that these genes do not contribute to F. tularensis replication within host cells (Fig. 177 3A). For the most part, mammalian tissues are maintained at similar osmolarities. However, 178 some large osmotic gradients are found in mammals, most notably in the Kidneys and Liver. To 179 determine whether FTL_1753 or FTL_0945 contribute to the pathogenesis of F. tularensis in the 180 mammalian host, we tested these mutants in a mouse model of pneumonic tularemia. Mice 181 infected with all strains displayed similar survival profiles, suggesting that these genes do not 182 contribute to virulence within a host ( Fig. 3B ). Finally, we tested whether FTL_1753 is required 183 for surviving the transition from a mammalian cell niche to fresh water, using modified 184 gentamicin protection assay. After eliminating extracellular bacteria, infected macrophages were 185 lysed with either detergent in PBS, or with ddH 2 O. Similar numbers of viable bacteria were 186 recovered using the PBS-detergent lysis buffer. In contrast, FTL_1753 was required for bacteria 187 to survive macrophage lysis with ddH 2 O ( Fig. 3C ). Collectively, these data suggest that MscS is 188 not required for virulence within the mammalian host niche, but is required to survive the 189 transition from this niche to fresh water. ∆FTL_1753 cells are smaller in average size compared to the wild-type. 192 As there are reports of mechanosensitive channels affecting cellular morphology (41), and we 193 observed that ∆FTL_1753 often formed smaller colonies than the wild-type, we examined wild-194 type and ∆FTL_1753 cells using scanning electron microscopy. ∆FTL_1753 cells were of 195 smaller average size than the wild-type; 2D outline traces revealed significantly smaller areas 196 and perimeters compared to the wild-type ( Fig. 4A-F ). Although smaller in average size,
197
∆FTL_1753 cells had a similar overall morphology to the wild-type, and there was no difference 198 in the aspect ratio of fitted elliptical axes ( Fig. 4G ). These data show that the absence of 199 FTL_1753 leads to smaller average bacterial cell size, but does not lead to other gross 200 morphological changes compared to wild-type F. tularensis LVS.
202
Comparative bioinformatics reveal heterogeneity in the mechanosensitive channels encoded 203 by F. tularensis subspecies. 204 We chose to focus our study on the holarctica subspecies of F. tularensis, as this is the 205 subspecies for which an aquatic cycle has been described, and which is responsible for outbreaks 206 of tularemia from contaminated water. Nonetheless, as there is great interest in the highly 207 virulent subsp. tularensis and also subsp. novicida, we compared the loci predicted to code for 208 mechanosensitive channels in these subspecies to the loci present in subsp. holarctica. Of the 209 four loci, the one corresponding to FTL_1753 was most highly conserved between the three 210 subspecies, with only 1-2 amino acid substitutions between them ( Fig. 5A and S5 ). Interestingly, 211 the equivalent of FTL_1753 in the prototypical subsp. tularensis (Schu S4) genome is currently 212 annotated as a pseudogene. However, our data and analyses suggest this is erroneous and should 213 be corrected as explained in the discussion. The remaining three loci display marked 214 heterogeneity between the F. tularensis subspecies. In the set of loci equivalent to FTL_0945, 215 the C-terminal 44% of the protein is lacking in both ssp. holarctica and tularensis relative to ssp. 216 novicida ( Fig. 5B and S6 ). In another set, the N-terminal ~25% is absent in subsp. holarctica 217 relative to the others ( Fig. 5C and S7 ). In the final set, a frameshift has resulted in a premature 218 stop codon and pseudogene annotation in subsp. holarctica ( Fig. 5D and S8 ). Overall, these data 219 suggest that: 1) the mechanosensitive channel found to protect F. tularensis subspecies 220 holarctica from hypoosmotic shock in this study is conserved between the F. tularensis 221 subspecies; and 2) the other loci predicted to code for mechanosensitive channels exhibit 
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The functions of these remain to be determined, but in subsp. holarctica may include roles other 275 than osmotic shock protection. For instance, other members of the superfamily have been shown 276 to play roles in signal transduction (51).
278
In conclusion, we have identified a small, 165 amino acid mechanosensitive channel that protects 279 F. tularensis subsp. holarctia from downshock. This channel is required for the bacterium to 280 survive the transition from mammalian hosts to fresh water, and likely contributes to ecological 281 persistence of F. tularensis and transmission between hosts. Dunnett's post test, *p<0.05, **p<0.01, ***p<0.001. Each experiment was performed a minimum of three times.
Materials and Methods

Figure 2:
Sensitivity profiles of wild-type, ∆FTL_1753 and ∆FTL_0945 to detergents and H 2 O 2 . Early log phase bacteria were exposed to the indicated concentrations of detergents/H 2 O 2 in media for one hour before dilution and plating to enumerate viable CFUs. Representative results shown from a minimum of four repeats.
No statistically significant differences were found by one-way ANOVA with Dunnett's post-test. 
